Laser induced periodic surface structures enhance neuroelectrode charge transfer capability and modulate astrocyte function in vitro by Kelly, Adriona et al.
Subscriber access provided by Library, Univ of Limerick | Supported by IReL
is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.
Bio-interactions and Biocompatibility
Laser Induced Periodic Surface Structure Enhances Neuroelectrode
Charge Transfer Capabilities and Modulates Astrocyte Function
Adriona Kelly, Nazar Farid, Katarzyna Krukiewicz, Nicole Belisle, John Groarke, Elaine Waters,
Alexandre Trotier, Fathima Laffir, Michelle Kilcoyne, Gerard M O'Connor, and Manus Biggs
ACS Biomater. Sci. Eng., Just Accepted Manuscript • DOI: 10.1021/acsbiomaterials.9b01321 • Publication Date (Web): 22 Jan 2020
Downloaded from pubs.acs.org on January 27, 2020
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.
1
Laser Induced Periodic Surface Structures Enhance Neuroelectrode 
Charge Transfer Capability and Modulate Astrocyte Function In 
Vitro 
Adriona Kelly1, Nazar Farid2, Katarzyna Krukiewicz1,3, Nicole Belisle1, John Groarke1, Elaine 
Waters4, Alexandre Trotier1, Fathima Laffir5, Michelle Kilcoyne4, Gerard M. O’ Connor 1,2, Manus 
J. Biggs1. 
1Centre for Research in Medical Devices, National University of Ireland, Galway, Ireland 
2National Centre for Laser Applications, School of Physics, National University of Ireland, 
Galway, Ireland 
3Department of Physical Chemistry and Technology of Polymers, Silesian University of 
Technology, Gliwice, Poland
4Glycosciences School of Natural Sciences, National University of Ireland, Galway, Ireland 
5Bernal Institute, Materials and Surface Science Institute, University of Limerick, Limerick, 
Ireland 
Corresponding author: a.kelly65@nuigalway.ie
Key words: neuroelectrode, platinum/iridium, LIPSS, cell alignment, astrogliosis, 
electrochemical impedance. 
Page 1 of 47
ACS Paragon Plus Environment































































The brain machine interface (BMI) describes a group of technologies capable of communicating 
with excitable nervous tissue within the central nervous system (CNS). BMI’s have seen major 
advances in recent years but these advances have been impeded due to a temporal deterioration in 
the signal to noise ratio of recording electrodes following insertion into the CNS. This deterioration 
has been attributed to an intrinsic host tissue response, namely reactive gliosis which involves a 
complex series of immune mediators resulting in implant encapsulation via the synthesis of pro-
inflammatory signaling molecules and the recruitment of glial cells. There is a clinical need to 
reduce tissue encapsulation in situ and improve long-term neuroelectrode functionality. Physical 
modification of the electrode surface at the nanoscale could satisfy these requirements by 
integrating electrochemical and topographical signals to modulate neural cell behavior. In this 
study, commercially available platinum iridium (Pt/Ir) microelectrode probes were 
nanotopographically (NT) functionalized using femto/picosecond laser processing to generate 
laser induced periodic surface structures (LIPSS). Three different topographies and their physical 
properties were assessed by scanning electron microscopy and atomic force microscopy. The 
electrochemical properties of these interfaces were investigated using electrochemical impedance 
spectroscopy and cyclic voltammetry. The in vitro response of mixed cortical cultures (embryonic 
rat E14/E17), was subsequently assessed by confocal microscopy, ELISA and multiplex protein 
array analysis. Overall LIPSS features improved the electrochemical properties of the electrodes, 
promoted cell alignment and modulated the expression of multiple ion channels involved in key 
neuronal functions. 
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Neurodegenerative diseases or traumatic injury to the central nervous system may result in partial 
or complete motor deficits through the interruption of neural electrical communication. Cortical 
interfacing with multi-electrode arrays can restore or replace this lost function by facilitating the 
direct recording of central motor electrical activity. This recording encompasses and decodes a 
digital signal which is translated for the intention of motion of a prosthetic device.1 To facilitate 
field potential recording, electrode systems should exhibit low impedance, low thermal and high 
signal to noise ratio, to enable successful translation of neural signals into prosthetic motor 
actuation. Advances in the field of chronically stable neural interfacing however have been 
impeded due to the significant challenges associated with the onset of an innate immune response 
known as glial scarring or gliosis, which can persist for the lifetime of an implanted device and 
disrupts functionality by increasing the impedance at the electrode/tissue interface.2-7 
In order to promote chronic functionality in vivo, intra-cortical electrodes are fabricated from inert 
metals, typically Au, Pt or Pt/Ir alloys and typically present a nanorough surface arising from the 
manufacturing process. Previous studies with Au and Pt electrodes presenting a defined 
nanostructured surface have concluded that topographical functionalization can increase the 
physical coupling of neurons, minimize the adhesion of reactive astrocytes and improve electrode 
performance in vitro.8-10 In addition, nanotopographical features that mimic the morphology of the 
biological environment have shown great promise in influencing neuron behavior through the 
modification of mechanotransducive and inflammatory pathways.11-13
Previously explored processes for the nanostructuring of Au and Pt surfaces describe the use of 
concentrated acidic solutions or expensive lithographic approaches.8,14-17 Conversely, high-
throughput techniques and in particular laser processing, can be employed for the generation of 
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ordered nanoscale features on Au and Pt surfaces.18 Critically, laser induced periodic surface 
structures (LIPSS) of defined nanoscale ridges and grooves can be generated through the delivery 
of ultra-short laser pulses to the surface of a metal.19 Here, laser interaction with the metal surface 
induces the formation of nanoparticles by constructive and destructive interference and repeated 
pulse delivery results in ripple formation through thermionic effects.19 Although LIPSS structures 
have been extensively investigated for many technical applications.20,21 LIPSS functionalization 
of biomedical devices has only gained attention in recent years.22,23 
The objective of this study was to report on the effects of LIPSS structures on microelectrode 
function and cytocompatibility in vitro.  LIPSS patterning was performed on both macro and 
commercial Pt/Ir microelectrodes and their electrochemical properties were investigated as a 
function of pulse number. Investigation of the effects of these LIPSS topographies on cortical 
neuron morphology, as well as pro inflammatory cytokine synthesis and reactive astrogliosis 
protein expression, was assessed in vitro, aiding towards elucidating topographical 
functionalization approaches for improved bio-integration of neural recording electrodes.
Materials and Methods 
Fabrication of Laser Induced Periodic Surface Structures 
Flat substrates of platinum iridium Pt/Ir alloy (70/30% Sigma) approximately 10 x 10 mm (0.125 
mm thick) were cleaned in acetone, ethanol and water for 10 minutes and dried under nitrogen gas. 
An S pulsed femtosecond laser system (Amplitude) with a wavelength of 1030 nm operating at 
pulse duration of 500 fs and 100 kHz repetition was used for the generation of LIPSS on planar 
Pt/Ir substrates (macroelectrodes). 0.125 mm thick Pt/Ir macroelectrodes were placed on a 3D 
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computer controlled stage (Aerotech) which enabled the sample position to change with 
micrometer accuracy. The laser was focused on the sample through a 100 mm focal length lens 
coupled with an XY scanning system (Scanlabs). The scanning system allowed control of the pulse 
overlap on the sample by adjusting the speed of the steering mirrors of the beam scanning system. 
The laser was operated at maximum power and attenuated using a combination of a half-wave 
plate and a polarizer to keep the optimal beam shape and pulse to pulse stability. 
Macroelectrode position was determined through a live camera attached to scanning system using 
the Camiscope software. A 10 × 10 mm2 area was scanned at a different scan speeds (see table 1 
for details) and the distance between two scanned lines (hatching) was fixed at 30 µm. Different 
topographies were created by modulating the overlap or the number of laser pulses. The overlap 
(%) and number of pulses per spot-spots per area (SPA) were determined using the using the 
following relation:  





where D is laser spot diameter, s is scanning speed, d is the spot diameter and Q is the laser 
repetition rate.  The laser spot diameter at the focused position was determined using Liu’s method 
and found to be ~ 43 µm.24 See table 1.0 below for more details on line scan speeds. 
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Table 1.0 The parameters used to determine the femtosecond pulse number per unit area. The femtosecond 
laser was operated at 100 kHz and the scanning speed was varied to change the number of overlapping laser pulses 
(SPA) using equation 1.
     
LIPSS on Pt/Ir microelectrodes (Microprobes) were fabricated with a pulsed picosecond laser 
(Trumpf TruMicro 5050) with a pulse duration of 10 ps, a wavelength of 1064 nm, and a repetition 
rate of 40 kHz. The laser was manually aligned and directed to the scanning system using a 
combination of mirrors. The laser beam was focused with a 100 mm focal length lens by adjusting 
the sample position using a computer controlled stage (Aerotech). A SEM carbon coated stub 
secured the microelectrode which was placed underneath the laser focus point with the help of a 
live camera.  LIPSS were fabricated at a fixed scan speed of 86 mm/s on one side of the Pt/Ir 
microelectrode which was subsequently rotated 180 degrees manually on the carbon stub before 
further exposure.  Two laser scan lines, displaced by 40 μm, were both directed along the tip of 
the microprobe. 20 laser pulses, 80% overlapping at a fluence of 0.38 Jcm-2 were the optimum 
conditions to generate LIPSS on microelectrodes without damaging the insulating polymer 
surface. All experiments were performed at atmospheric pressure and room temperature.
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Physical Characterization of LIPSS Functionalization
Macro and microelectrodes were physically characterized using scanning electron microscopy 
(SEM). A Hitachi S-4700 Cold Field Emission Gun Scanning Electron Microscope was used with 
an accelerating voltage of 15 kV, spot current of 10 µA and magnification of 1.5-40 k. 
Nanotopographical LIPSS were further characterised by atomic force microscopy (AFM), using a 
Veeco Nanoscope dimension 3100 AFM. Rigid silicon TESPA tips (NanoWorld) with < 8 nm tip 
radius, 42 Nm−1 spring constant, 320 kHz nominal resonance frequency were used to scan 3 images 
of each topography, 10 x 10 µm2 (technical replicates 3), with a scan rate of 0.5-1 Hz.25 Gwyddion 
software was used to calculate the average surface roughness (Sa) using a 2D Fast Fourier 
Transform filtering function. 
A Zygo interferometer (NiewView 100) model instrument (20x objective) was used for the 
analysis of LIPSS particle size distribution. MetroPro software 8.3.2 with 2.5x magnification and 
a scan rate of 5µm bipolar (5 second) was used to obtain raw data images. 
Electrochemical Characterization of LIPSS Functionalization
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) experiments were 
performed using a Princeton Applied Research Potentiostat/Galvanostat model Parstat 2273. A 1 
ml three-electrode electrochemical cell was used to record impedance in a saline solution with the 
Pt/Ir or nanostructured Pt/Ir microelectrodes as the working electrodes, platinum wire as the 
counter electrode and a Ag/AgCl (3.5M KCl) reference electrode. An AC sine wave of 10 mV (vs. 
Ag/AgCl) amplitude was applied with 0V (vs. Ag/AgCl) DC offset. Power suite software was used 
to measure and analyse the impedance modulus in the frequency range between 100 kHz and 0.1 
Hz.
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Cyclic voltammetry curves were also recorded in the three-electrode electrochemical set up, again 
with Pt/Ir or nanostructured Pt/Ir microelectrode as the working electrodes, platinum foil as the 
counter and a Ag/AgCl (3.5M KCl) reference electrode, and measured in an electrolyte solution 
of 0.3 g/ 60 ml potassium ferrocyanide (sigma Aldrich P3289) in 0.1 M potassium chloride (Sigma 
Aldrich). CV curves were recorded within a scan window of -0.2 V to 0.8 V (vs. Ag/AgCl) for 
each sample and a scan rate of 100 mV/s for two cycles. Recorded CV curves were used to 
calculate electroactive surface area (ESA), that was estimated according to the Randles–Sevcik 
equation (equation 2).26-28
                                    equation 2                                                         𝑖𝑝 = 2.69 ∙ 105𝐴𝐷1/2𝑛3/2𝑣1/2𝑐 
where ip is the reduction/oxidation peak current (A), A is the electrode area (cm2), D is the diffusion 
coefficient of Fe(CN)64− in KCl solution (6.3 × 10−6 cm2s−1),28  n is the electron number 
contributing to the redox reaction, , υ is the scan rate (Vs−1), and c is the concentration of the 
Fe(CN)64− in the bulk solution (molcm−3).29 The charge injection capacity (CIC) was determined 
again using a three-electrode electrochemical set up and Princeton Applied Research 
Potentiostat/Galvanostat model Parstat 2273.  Single biphasic stimulation of 200 µs of a reduction 
potential of -0.6 V (vs. Ag/AgCl) was followed by 800 µs of an oxidative potential +0.6 V (vs. 
Ag/AgCl). The voltage was chosen based on the water window of the electrode.30,31
Embryonic E14/E17 Cortical Neural Cell Extraction 
Research and animal procedures were performed in accordance with the European (EU) guidelines 
(2010/63/UE) and Health Products Regulatory Authority. Sprague Dawley (E14/E17) rat embryos 
were obtained from female Sprague Dawley rats following decapitation under anesthesia induced 
by inhalation of isoflurane. Once embryos were removed, embryonic sacs were placed in ice cold 
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Hanks Blank Salt Solution (HBSS). Embryos were then carefully removed from their sacs and the 
brains isolated from the rat heads in HBSS. An incision was made to cut out the forebrain. The 
hemispheres were then divided, and the ventricles were opened in each hemisphere to make one 
layer. The edge regions of the layers were discarded, followed by the meninges, leaving the cortex 
tissue. Following dissection, the cortex tissue was centrifuged (1100 rpm) and then incubated at 
370C for 4 mins in a solution of Trypsin (2 ml) and HBSS (3 ml). Subsequently, 1.5 ml of the 
trypsin-HBSS solution was removed, 500 μl of fetal bovine serum was added and the suspension 
centrifuged at 1100 rpm for 5 mins. The supernatant was then disposed, and the cortex tissue was 
mechanically dissociated, first with a P1000 pipette and then with a 1 ml syringe and 25 gauge 
needle. All Pt/Ir substrates were cleaned by treating in trypsin for 20 mins, virkon for 15 mins and 
sulfuric acid for 1 hr, in a sonicating water bath and then in acetone, ethanol and water for 10 mins 
each. Cells were seeded onto poly-d-lysine coated LIPSS functionalized and planar control Pt/Ir 
macroelectrodes at a density of 100,000 cells/ml of plating media. All in vitro experiments were 
performed in at least biological triplicate, n ≥3. 
Immunofluorescence Imaging 
Embryonic mixed culture populations were fixed with 4% Paraformaldehyde in PBS for 20 mins 
and then washed with PBS. The samples were then permeabilized for 3 mins in a buffer (10.3 g of 
sucrose, 0.292 g NaCl, 0.06 g MgCl2, 0.476 g HEPES buffer, 0.5 ml Triton in 100 ml water pH 
7.2) and then incubated for 30 mins at 370C in PBS-bovine serum albumin (1%). The cells were 
then incubated with primary antibodies (mouse anti GFAP 1:200 (sigma) and rabbit anti β -tubulin 
III, 1:500 (Sigma)) for 90 mins at room temperature. The samples were subsequently washed with 
0.05% tween in PBS. Samples were then incubated with secondary antibodies for 1hr, (Alexa 488 
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goat anti-mouse secondary antibody, 1:500 (Invitrogen) to visualize the astrocytes and Alexa 594 
goat anti-rabbit secondary antibody, 1:500 (Invitrogen) to visualize the neurons). Samples were 
mounted on microscope cover-slides and counterstained with SlowFade Gold antifade reagent with 
DAPI for nuclear staining.25
Fluorescent microscopy of focal adhesions was performed by incubating fixed cultured cells with 
primary antibodies (mouse anti GFAP 1:200 (sigma) and Rb mAb to paxillin Y113 Paxillin, 1:200 
(abcam)) for 2 hrs at 370C.  After incubation samples were washed with 0.05% tween in PBS. 
Samples were then incubated with a secondary antibody for 1hr, (Alexa 488 goat anti-mouse, 
1:500 (Invitrogen) to visualize the astrocytes and Alexa 594 goat anti-rabbit, 1:100 (Invitrogen) to 
visualize paxillin). Samples were again mounted on microscope cover slides and counterstained 
with SlowFade Gold antifade reagent with DAPI for nuclear staining.25
Quantification of Neural Alignment 
Neural cells cultured on Pt/Ir LIPSS features and Pt/Ir planar control substrates were analysed 
using an Olympus IX 81 fluorescence microscope with filters for fluorescein isothiocyanate 
(FITC) (excitation 490 nm; emission 520 nm), Alexa Fluor 594 (excitation 596 nm; emission 615 
nm), and DAPI (excitation 358 nm; emission 461 nm). At least 15 images were taken from each 
sample group using 40x magnification. The neural alignment was quantified using image J 
(National Institutes of Health, USA), Directionality Plugin, bins 30, local gradient. The neurite 
length was quantified using Image J and a previously published stereological methodology.32 Here, 
9 random fields of view were chosen from 3 biological replicates and subjected to grid processing. 
Equation 3 was used to quantify neurite length: 
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                                                                      L= N x T x π/2                                           equation 3
Where L is the length, N is the number of times a neurite intersected the grid lines and T is the 
distance between grid lines. 
Proinflammatory Cytokine Analysis
Embryonic E17 cortical populations were seeded on LIPSS topographies and planar control Pt/Ir 
substrates. The media supernatant was taken at day 3, 7 and 10 from E17 neural populations 
cultured on Pt/Ir LIPSS and planar Pt/Ir control substrates.  A cytokine inflammatory panel: (Rat-
Meso Scale Discovery, UK) ELISA was performed (IL-6, IL-1β, TNF-α, IFN-Y, KC/GRO, IL-4, 
IL-5, IL-13, IL-10) according to manufacturer’s instructions with 4 biological replicas. In 
summary, 150 μl of blocker H was added to the ELISA proinflammatory plate and incubated with 
agitation for 1 hr. In a separate plate a 1:2 dilution of culture media were prepared and left under 
agitation for 15 mins. The ELISA plate was then washed three times with 0.05% tween in PBS 
(150 μl). Media diluted samples were then transferred to the ELISA proinflammatory plate with 
the addition of 25 μl of diluent 40. Further incubation under agitation for 2 hr was then carried out. 
Following this the ELISA plate was then washed three times with PBS-tween 20. Subsequently, 
25 μl of a detection antibody solution was added to each well of the ELISA plate and incubated 
for a further 2 h under agitation at room temperature. The ELISA proinflammatory plate was then 
further washed x3 with PBS. Another 150 µl of 2× Read buffer T (Tris-based buffer containing 
tripropylamine) was added in each well for plate before reading using a QuickPlex SQ 120 
multiplexing instrument.  
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For the proteomics study, embryonic E17 cortical populations were seeded on LIPSS topographies 
and planar control Pt/Ir substrates. After 3, 7 and 10 days in culture samples were subsequently 
placed on ice and washed twice with cold PBS. 100 μl of lysis buffer (radioimmunoprecipitation 
(RIPA) supplemented with 1% of protease inhibitors (Life Science‐Roche) and 1% of phosphatase 
inhibitors cocktails I & III (Sigma)) was added to each well plate. Corning cell scrapers 
(Sigma) were used to remove all adherent cells and the aspirated cell suspension were transferred 
to 1.5 ml microcentrifuge tubes and placed on ice for 15 minutes. Samples were centrifuged for 15 
min at 14,000 rpm at 40C and placed on ice. Without disturbing the pellet, the supernatant was 
carefully aspirated and placed in a fresh clean tube and stored at −800C. Protein quantification was 
via a BioRad protein quantification dye reagent (#5000006). The dye working solution was diluted 
1:4 using deionised water and filtered. From this dilution, 4 different concentrations were prepared 
0.25, 0.5 0.75 and 0.9 mg/ml.  Following this 5 μl of each sample and a BSA standard were 
vortexed with 250 μl of dye working solution and incubated for 5 minutes at room temperature 
(RT) and finally read using a NanoDrop 8000 and the Protein Bradford module.25
Protein microarray was performed as previously described.38 All protein samples were labelled 
with CF 555 succinimidyl ester (SCJ4600022 Sigma). CF 555 (1 mg) was first resuspended in 100 
μl dimethyl sulfoxide and 4 μl of CF 555 solution was added to 35 μl of protein sample and 35 μl 
of boric acid. Samples were left to incubate for 1 hour at RT. All tagged samples were washed and 
recovered using centrifugal units, Amican, ultra 0.5, 3 kDa. Samples were washed 3 times using 
centrifugation at 14000 RCF at 40C, adding 400 μl of PBS with each washing step. The tagged 
sample was recovered again using centrifugation at 500 RCF at 40C for 5 minutes. The quantity of 
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protein in each sample were measured using the Nanodrop Bradford Protein UV spectrometer 
instrument using wavelength range of ‘280’ and ‘555’ nm.  
For microarray preparation all commercial antibodies were buffer exchanged with PBS and 
quantified by Bicinchoninic acid assay. They were then diluted and printed in six replicates on 
Nexterion N-hydroxylsuccinimide ester functionalized, H hydrogel (purchased from Schott AG) 
coated glass slide using a SciFlexArrayer S3 (Scienion, Berlin, Germany) under a constant 
humidity of 62% (± 2%) at 200C. Each feature was printed using approximately 1 nL diluted 
antibody using a 90 μm (uncoated) glass nozzle with 8 replicated subarrays per microarray slide. 
Slides were incubated in a humidity chamber overnight to enable conjunction. The remaining 
functional groups were then blocked with 100 mM ethanolamine in 50 mM sodium borate, pH 8, 
for 1 hr at room temperature. Slides were washed with PBS pH 7.4 with 0.05% Tween 20 (PBS-
T) three times 2 minutes each wash and washed again with PBS. Slides are then dried by 
centrifugation (470 x g, 5 minutes) and stored with desiccant until use at 40C.25,33
For optimal signal to noise ratio one of the labelled samples were titrated. All other samples were 
incubated for 1h at 230C at 12 μg/mL in Tris‐buffered saline, pH 7.2 (TBS; 20 × 10−3m Tris‐HCl,  
1 × 10−3 m CaCl2, 100 × 10−3 m NaCl, 1 × 10−3 m MgCl2,) and 0.05% tween 20. All experiments 
were carried out using 4 biological replicates. Healthy labelled rat brain lysate 1.32 and 5 μg/mL) 
were incubated on 2 separate microarrays on every slide to confirm validation of quantification 
being carried out. After incubation samples are washed 3 times with TBS-T for 2 mins on a shaker. 
Slides are then dried using centrifugation. Slides were then scanned using an Agilent G2505 
microarray scanner, Cy3 channel with 532 nm excitation wavelength (90% photomultiplier tubes). 
All microarray analysis was carried out within one day. Data extraction was carried out and 
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normalised to the control.25,33 Hierarchical clustering of normalised data was performed using 
hierarchical clustering Explorer (no prefiltering parameters were used).25
Statistical analysis 
All the statistical analysis was carried out with Minitab/GraphPad Prism with data represented as 
the mean ± standard deviation unless otherwise indicated. At least 3 replicate samples were 
assessed for the generation of electrochemical data and subsequent non-parametric (Mann 
Whitney) and parametric (paired t test p ≤ 0.05) statistical analysis was carried out. In vitro 
experiments were conducted in biological triplicate to ensure reproducibility of results. The results 
were expressed as mean ± standard deviation or standard error mean, non-parametric testing 
(Kruskal Wallis, Friedman) and parametric two-way anova was used, the significance level was 
set as p ≤ 0.05.
Results 
Physical Characterisation of Nanostructured LIPSS
Nanotopographical laser induced periodic surface structures (LIPSS), were fabricated through 
femtosecond laser exposure of planar Pt/Ir with 2, 50 and 250 pulses. Scanning electron 
microscopy of Pt/Ir substrates revealed the gradual formation of nanopillar features and minor 
ripples occurring at 2 pulses, which progressed to ripples proper on Pt/Ir substrates exposed to 50 
laser pulses. Qualitative analysis revealed that with increasing pulse number more definitive ripple 
feature were formed (Figure 1a-f). 
On analysis with AFM a clear difference was observed between ridge and groove width, and ridge 
height as a function of pulse number (Figure 1g&h). Specifically, LIPSS formed with 50 pulses 
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possessed greater groove widths (314.4 nm) and heights (225.5 nm) relative to LIPPS formed with 
150 and 250 pulses.
On further analysis of particle distribution, a clear difference was observed between LIPSS formed 
with different pulse numbers (Figure 1i).  LIPSS formed with 250 pulses possessed the greatest 
roughness as represented by the greatest amplitudes for the spatial frequencies (or spatial cycles 
per unit distance) contributing to the surface texture. Here, particles with a maximum diameter of 
62 nm were observed with a spatial frequency of 10 mm-1. This compares with 150 pulses which 
had surface features of ~ 45 nm, 50 pulses ~20 nm and 2 pulses ~12 nm with a spatial frequency 
of 10 mm-1. Additional analysis with AFM (see supplementary data Figure S1-Sn), determined 
that LIPSS formed with 250 pulses were morphologically identical to LIPSS formed with 150 
pulses, therefore LIPSS formed with 150 pulses were eliminated from further study.  
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Figure 1. Physical characterization of LIPSS features formed on Pt/Ir substrates. SEM images revealed the outer 
edges of LIPPS formed with 2 femtosecond pulses possess “droplet” like features (where the ablation threshold was 
minimal) a). Moving from the outer edges towards the center of 2 pulse features an increase in the number of “droplet” 
like and nanopillar features was observed b). At the center of LIPPS formed with 2 femtosecond pulses a gradual 
ripple formation was observed (where heat dissipation is highest c). Ripple formation was more definitively 
represented at 50 pulses d). With an increase in the ridge width being observed for 150 pulses e) and 250 pulses f). 
Surface analysis via AFM a) revealed that Pt/Ir substrates subjected to 50 femtosecond pulses possessed the greatest 
groove widths (314.7 ± 87 nm) whilst 250 pulses resulted in groove widths of 214.4 ± 38 nm g), scale bar 0.5µm. The 
average vertical height was also greatest in LIPPS formed with 50 femtosecond pulses at 225.5 ± 72 nm h). Roughness 
Page 16 of 47
ACS Paragon Plus Environment






























































(between ridges) showed LIPPS formed with 250 femtosecond pulses possessed the highest particle diameters for all 
spatial frequencies i). 
Due to the complex curvature shape and thickness of commercially available microwire 
neuroelectrodes a picosecond laser (20 pulses) was used to functionalize these with circumferential 
LIPSS features. Vertical LIPSS orientation was also achieved (please see supplementary data for 
more information). LIPSS functionalized Pt/Ir microelectrodes were then subjected to 
electrochemical analysis via EIS and cyclic voltammetry (Figure 2). 
Figure 2. Representative SEM images of control and LIPSS functionalised Pt/Ir microelectrodes.  Low and high 
magnification SEM images of the control Pt/Ir electrode tip respectively (a-b). Low and high magnification SEM 
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images of fabricated LIPSS features on Pt/Ir microelectrode tip respectively (c-d) Dimensions of microelectrodes were 
between ~10 -11 μm in diameter at the base and possessed a height of ~25-27 μm. 
Electrochemical Analysis of LIPSS Functionalized Microelectrodes
To evaluate the electrochemical performances of LIPSS functionalized and non-functionalized 
Pt/Ir microwire electrodes EIS and CV analysis was performed in a saline electrolyte and in the 
presence of potassium ferrocyanide dissolved in 0.1 M KCl. The presence of LIPSS features 
improved the efficiency of charge transfer through a reduction in Pt/Ir microelectrode 
electrochemical impedance relative to that of control Pt/Ir microelectrode over all experimental 
frequencies (Figure 3a). Mean electrochemical impedance at 1 kHz (Figure 3b), which is used as 
a benchmark for the analysis of neural electrode function, was found to be 23 ± 16 kΩ with LIPSS 
functionalized Pt/Ir microelectrodes whilst control Pt/Ir microelectrodes possessed an average 
impedance of 353 ± 136 kΩ at 1 kHz. The recording capabilities of the microelectrodes were 
determined based on the cyclic voltammetric (CV) curves collected in the presence of a redox 
probe, potassium ferrocyanide, as described previously25 which revealed a dramatic increase in the 
CV curve area and the presence of two redox peaks (associated with the ferrocyanide/ferricyanide 
redox couple) on LIPSS functionalized electrodes compared to control Pt/Ir microwire electrodes. 
Undergoing the processes of reversible oxidation and reduction, ferrocyanide showed a distinct 
system of peaks at the potentials of 0.4V vs. Ag/AgCl (oxidaiton) and 0.2V vs. Ag/AgCl 
(reduction), that was significantly more pronounced on LIPSS functinalised Pt/Ir microwire 
electrodes. Using the Randles Sevcik equation and measuring the current at the redox peaks, the 
electroactive surface area (ESA) was determined and represented in Figure 3d as ESA 
enlargement factor. It was shown that through the patterning of the surface of the electrode, the 
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surface was expanded by a factor of 21. A greater charge injection capacity was also observed in 
LIPSS processed Pt/Ir microelectrodes (3.05 ± 1.3 mC/cm-2) relative to control Pt/Ir 
microelectrodes (0.47 ± 0.18 mC/cm-2), as assessed through the application of a pulsed biphasic 
current and as observed  previously.34
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Figure 3. The influence of LIPSS functionalization on the electrochemical properties of Pt/Ir microelectrodes.  
The impedance modulus as a function of frequency for LIPSS vs Control; the shadow represents the standard deviation 
of the results, n=5 a). The impedance of LIPSS functionalized Pt/Ir microwire electrodes at 1kHz was significantly 
reduced compared to control Pt/Ir microwire electrodes (**p≤0.01, n=5, SD bars b). Representative cyclic 
voltammetry curve of LIPSS functionalized and control Pt/Ir microwire electrodes in the presence of a redox probe 
c). The average ESA enlargement factor for LIPSS functionalized Pt/Ir microwire electrodes was significantly greater 
than that of control Pt/Ir microwire electrodes (p≤0.05, n=4) d).  Mean charge injection capacity of LIPSS 
functionalized and control Pt/Ir microwire electrodes (P≤0.05, n=3, error bars ± SEM). f)
The Effects of LIPSS Functionalisation on Cellular Morphology and Distribution in 
a Mixed Population Neural Culture
The development of axons and dendrites (neurites) is critical for the overall functionality of the 
CNS, ensuring functional connections with other neurons to form neural networks.  It was 
therefore necessary to investigate how implantable neuroelectrode devices may alter the 
morphology and density of neurites to determine device integration.35 To investigate the ability of 
LIPSS to modulate cellular and neurite alignment, neuron and astrocyte morphology was 
quantified in vitro through image analysis of immunofluorescent microscopy images at 3, 7 and 
10 days via β- tubulin III and GFAP staining respectively, see supplementary data for information.  
LIPSS features formed with 50 and 250 femtosecond laser pulses were observed to significanlty 
modulate both neuron and astrocyte alignment in vitro (Figure 4a-4l). Neuron alignment was 
observed at day 3 in mixed cortical neural populations cultured on Pt/Ir LIPSS and planar control 
substrates, with an ~ 2% increase in the percentage of neurons aligned on LIPSS structures formed 
with 250 pulses relative to planar control substrate (Supplementary Information Figure S2-Sn). 
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was observed at day 7 (Figure 4m). A non-significant increase in astrocyte alignment (20 degrees 
of deviation from LIPSS orientation) was noted in cells cultured on LIPSS substrates formed with 
2 pulses (34.2% ), relative to cells cultured on control substrates (31.0%). Neuron and astrocytes 
alignment of 20 degrees of deviation from LIPSS orientation was increased on Pt/Ir LIPSS 
substrates functionalised with 50 pulses to 35.9% and 45.4% respectively. The greatest alignment 
was observed in mixed neural populations cultured ion Pt/Ir substrates functionalised with LIPSS 
formed with 250 laser pulses (p≤0.05), with observed alignment of  41.6 ± 1.8% and 50.1 ± 3.8% 
for neurons and astrocytes respectively compared to control neurons (32.0 ± 1.3%) and astrocytes 
(31.0 ± 2.4%).  
β-tubulin and GFAP positive cellular alignment on day 10  (Figure 4n) was decreased in cells 
cultured on Pt/Ir LIPSS substrates functionalised with 50 laser pulses (35.0 ± 2.6% and 47.4 ± 
3.1% respectively) and 250 laser pulses (33.6 ± 1.6% and 49.0 ± 3.8% for neurons and astrocytes 
respectively) yet remained greater than alignment in mixed neural populations cultured on planar 
control Pt/Ir substrates (~30.9 ± 2.0% neuron and 29.5 ± 2.0% astrocyte alignment) and Pt/Ir 
LIPSS substrates functionalised with 2 pulses (30.6 ± 1.7% neuron and 33.2 ± 2.2% astrocyte 
alignment).
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Figure 4. Quantification of neurite outgrowth and the alignment of cortical neural populations cultured on 
LIPSS functionalized and planar control Pt/Ir substrates. Confocal images of cortical E14 cells cultured on Pt/Ir 
LIPSS and planar control substrates at day 3 (a-d) day 7 (e-h) and day 10 (i-l), Cell were stained with β- tubulin III to 
indicate neurons and GFAP to identify astrocytes. Scale bar is 40 μm. Histograms showing alignment of E14 mixed 
cortical neural cells (red) cultured on Pt/Ir control and LIPSS features. Alignment is represented as deviation from the 
orientation of LIPSS ripples, complete alignment given as 0 degrees. At day 7 both neurons (red) and astrocytes 
(green) demonstrated alignment on LIPSS features formed by 250 pulses compared to control (m). By day 10 there 
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was a modest decrease in neuronal alignment for 50 and 250 pulse relative to day 7, however, astrocyte alignment 
increased for 50 pulses whilst 250 pulses remained constant n) (*p ≤ 0.05, **p≤0.01, n=3 biological replicates, results 
are mean ± SD).  
The Effects of LIPSS Functionalization on E17 Cortical Cell Cytokine Synthesis 
Glial scar formation is a complex progression, initiated by a number of cytokine and chemokine 
molecular mediators, whose upregulation lead to inflammation at the site of injury. An ELISA 
assay was carried out to determine the effect of Pt/Ir LIPPS features on the synthesis of pro-
inflammatory cytokines in a mixed neural population. 
Figure 5. Cytokines expression of cortical neural populations cultured on LIPSS functionalized Pt/Ir substrates. 
Cytokine expression was analyzed from cultured E17 cortical cells at day 3, 7 and 10 on planar Pt/Ir and LIPSS 
features. No significant differences in expression levels of IL-6 or KC/GRO were observed for all samples at all time 
points. TNF-α expression however was observed to significantly decrease in cells cultured on all experimental and 
control substrates on day 7 and day 10. Interleukin 6, IL-6 Keratinocyte Chemoattractant (KC)/Human Growth-
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Regulated Oncogene (GRO) and Tumor Necrosis Factor alpha, (TNF-α) expression levels in pg/ml. TNF-α synthesis 
was significance reduced from day 3 to day 10, for control, 50 and 250 pulses, (*p ≤ 0.05, **p≤0.01, *** p ≤ 0.001, 
n=4, biological replicates.  Only detected cytokines and chemokines are presented in the following graph.    
Cytokine and chemokine synthesis of E17 cortical cells cultured on Pt/Ir LIPSS and planar control 
substrates is represented in Figure 5. No significant increase in the synthesis of IL-6 or KC/GRO 
was observed in mixed cortical cells cultured on any of the experimental and control Pt/Ir 
substrates at any time point. Expression of TNF-α synthesis, however, was observed to decrease 
significantly by day 7 and 10 in cortical cells cultured on all Pt/Ir LIPSS and control substrates 
(Figure 5c). 
The effects of LIPSS Functionalization on the Expression of Reactive Astrogliosis 
and Ion Channel Associated Proteins in a Mixed Population Neural Culture
In order to assess the response of mixed neural population to LIPSS features at the protein level, 
cortical population of embryonic E17 cells were seeded onto LIPSS functionalized and planar 
control substrates. Proteins and ion channels involved in reactive gliosis and mechanotransduction 
were subsequently assessed using an in-house protein microarray. 
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Figure 6. Protein microarray analysis of cortical neural populations cultured on LIPSS functionalized Pt/Ir 
substrates. Cortical E17 cells were seeded on Pt/Ir LIPSS and control substrates and protein expression analyzed at 
day 3, 7 and 10  Up-regulations in the expression of ion-channel associated proteins (Piezo 1 and 2, TREK1),  reactive 
astrocyte associated proteins (Nestin) and proteins associated with microglia activation (OX42) on day 7 & day 10 
were noted in cells cultured on Pt/Ir LIPSS functionalized with 2 and 50 laser pulses relative to cells cultured on planar 
control substrates. Conversely the expression of these proteins were down-regulated in cortical neural cells cultured 
on LIPSS functionalized with 250 laser pulses on day 10. The expression of Smad3 was upregulated on all LIPSS 
functionalized Pt/Ir substrates at all time-points. Up-regulated (red), down-regulated (green) is expressed in relative 
fluorescence units (RFU). All data is normalized to control conditions (biological replicates n=4, p≤0.05).
Protein microarray analysis revealed significant changes in the expression of proteins associated 
with ion channel function (L-type Ca2+, Piezo 1, Piezo 2, ANKTM1 and TREK 1), markers of a 
reactive astrocyte phenotype (GFAP, CD81, Cleaved Spectrin, Smad3, chondratin sulfate and 
Nestin), and the microglia associated protein OX42. 
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At day 3, cortical cells cultured on Pt/Ir substrates functionalized with 50 and 250 pulse LIPSS 
features were associated with upregulations in the expression of GFAP, CS and Smad3. Cortical 
cells cultured on Pt/Ir substrates functionalized with 2 and 50 pulses showed increases in the 
expression of Piezo 1, Piezo 2 and TREK1 relative to planar controls. This trend of protein 
expression was reversed for Nestin, CD81, VR1 and L type Ca2+ which were down-regulated in 
cells cultured on all Pt/Ir LIPSS topographies relative to planar controls. 
At day 7, upregulation of OX42, and C. Spectrin expression was observed in cortical cells cultured 
on all Pt/Ir LIPSS functionalized substrates relative to cells cultured on planar control Pt/Ir 
substrates. Piezo 1 was also upregulated in cortical cells cultured on all Pt/Ir LIPSS functionalized 
substrates, yet Piezo 2 was unchanged in cortical cells cultured on Pt/Ir LIPSS substrates 
functionalized with 50 pulses and down-regulated in cortical cells cultured on Pt/Ir LIPSS 
substrates functionalized with 250 pulses. Cortical cells cultured on Pt/Ir LIPSS substrates 
functionalized with 250 pulses also exhibited upregulations in Smad3 and CS relative to controls 
and significant downregulations were observed in the expression of ion channels associated with 
reactive astrogliosis and cell toxicity ANKTM1 (0.39 ± 0.33),VR1 (0.32 ± 0.35) and L type Ca2+ 
(0.65 ± 0.35) relative to Pt/Ir LIPSS substrates functionalized with 2 pulses ANKTM1 (1.39 ± 
0.40),VR1 (1.48 ± 0.46) and L type Ca2+ (1.51 ± 0.45). 
By day 10 expression of Nestin, CD81, OX42, C. Spectrin, as well as the ion channels Piezo 1, 
Piezo 2 and TREK1 were upregulated in cortical cells cultured on Pt/Ir LIPSS substrates 
functionalized with 2 and 50 pulses relative to cells cultured on planar Pt/Ir controls. Conversely, 
cortical cells cultured on Pt/Ir LIPSS substrates functionalized with 250 pulses exhibited down-
regulations in all assayed proteins associated with astrogliosis (except Cleaved spectrin and 
Smad3) relative to planar controls. Again, cortical cells cultured on Pt/Ir LIPSS substrates 
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functionalized with 250 pulses exhibited significant down-regulations in nestin (0.55 ± 0.32) and 
L type Ca2+ (0.37 ± 0.31) compared to Pt/Ir LIPSS substrates functionalized with 2 pulses nestin 
(1.18 ± 0.18) and L type Ca2+ (1.01 ± 0.14) respectively. 
Paxillin protein expression was also investigated in cells cultured on LIPSS functionalized 
substrates compared to cells cultured on planar control substrates.  Paxillin is a marker for the 
presence of focal adhesions (macromolecular assemblies) and is shown to be involved in the 
processes of cell alignment, adhesion and migration on micro and nanoscale topographical 
features.36-38 Astrocytes cultured on Pt/Ir LIPSS features formed with 250 femtosecond laser pulses 
were observed to present higher levels of Paxillin at day 3, day 7 and day 10. 
Figure 7.  Paxillin expression of cortical neural populations cultured on LIPSS functionalized and planar 
control Pt/Ir substrates.  Cortical E17 cells were seeded on the LIPSS functionalized and planar control Pt/Ir 
substrates and analyzed at day 3, 7 and 10 (biological replicates n≥3).  Representative confocal images of focal 
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adhesions (Paxillin represented in red) in astrocytes (GFAP represented in green) a-d).  Scale bar 10 μm. Enhanced 
expression of Paxillin was observed for 250 pulses compared to planar control e). Results are mean ±SEM.  
Discussion 
The generation of surface topographies on microelectrode probes has been achieved previously by 
electron and ion beam lithography,39-44 nano imprint lithography,45 and direct write laser 
lithography microimprinting46 These are low-throughput approaches and do not lend themselves 
well to the structuring of 3D devices.  Conversely, picosecond and femtosecond laser processing 
are rapid and inexpensive process for creating nanofeatures with high precision on complex 3D 
geometries.47
Here, it was shown that the exposure of a Pt/Ir substrate to between 2 and 250 femtosecond laser 
pulses led to the generation of a ripple topography with differential ridge, width and height 
dimensions. LIPSS formation occurs when an ultra-short pulse of polarized laser radiation is 
delivered to the surface of a polymer, ceramic or metallic material. Although these quasi-3D 
features exhibit a clear correlation to the polarization of radiation,48 the mechanism through which 
these topographical features are generated depends on either photo or thermal emission of electrons 
from the material surface.49 The thermionic effect  is often associated with LIPSS formed on metal 
surfaces, with the laser transferring energy to the surface whilst leaving the solid lattice cold, and 
it is through the initiation of these free electrons (which are further accelerated by the laser electric 
field) that these ripples structures are produced.49
One of the main concerns with picosecond and femtosecond laser processing is that high energies 
can cause thermal expansion, stress and damage of an electrode metal tip or insulating polymer, 
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thus leading to cracking and delamination.39 However, through optimization of the laser fluence 
and careful alignment of the beam, 20 µm2 regions of a curved microwire probe were successfully 
patterned with LIPSS features in this study. Furthermore, with the development of holographic 
laser processing techniques it can be hypothesized that LIPSS patterning of complex multi-
electrode arrays will become feasible in the near future.50
All investigated LIPSS topographies significantly reduced the electrochemical impedance, 
increased the active surface area and the charge injection capacity of LIPSS functionalized Pt/Ir 
microelectrodes relative to non-functionalized control Pt/Ir microelectrodes. It is hypothesized that 
this observed  electrochemical enhancement was due to an increased electrode surface area arising 
from the presence of nanoscale surface features.51,52 Critically, the electrochemical impedance was 
significantly reduced across a broad range of frequencies, encompassing those at which neural 
electrical activity occurs.53 It is however vital that the impedance and CIC of LIPSS functionalized 
microelectrodes be assessed in vivo to investigate the role of protein adsorption and the 
inflammatory response on electrode performance in a chronic setting. 
Previous studies indicate that anisotropic nanostructures with periods between 400-600 nm and 
heights > 200 nm produce significant effect on neuronal alignment and neurite outgrowth.54-56 This 
was confirmed in this study and increased neural/astrocyte alignment was observed in cells 
cultured on Pt/Ir substrates patterned with 50 and 250 femtosecond laser pulses, which produced 
ridge width between 400-600 nm. LIPSS formed with 250 pulses however possessed an average 
ridge height <200 nm yet significantly influenced both neuron and astrocyte alignment, indicating 
that ridge width may also have a prominent effect on neuron outgrowth and alignment.57-59 It is 
hypothesized that ridge widths > 500 nm may prevent distortion of the cytoskeleton and enhance 
localization of FAs to the ridge surface.60 Neural alignment is largely dependent on the sensitivity 
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of neurons to their physicochemicl extracellular environment61 and biomaterials approaches to 
mediating allignment has been shown to promote neural regeneration and the re-establishment of 
neural communication in vivo.62 Biomimetic interfaces and in particular, anisotropic topographical 
cues have been extensively investigated in vitro and shown to guide neurite extension,63-67 a 
phenomenon also observed to increase with feature depth.68,69 
Surface roughness has also been shown to effect cellular neuronal cell adhesion and an optimum 
Sa between 20-50 nm was identified in this study to support neural cell adhesion.70 In particular it 
can be hypothesized that the astrocyte and neuron alignment observed on LIPSS substrates was 
due to focal adhesions accumulating on the LIPSS ridges, a phenomenon also reported by Mathur 
et al. Here, focal adhesions were aligned along the orientation of the topographical grooves, 
initiating cell polarization.71 Similarly, it was observed in the present study that ridges played an 
influential role in cell alignment and in particular that Pt/Ir substrates functionalized with 250 
pulses promoted both neuron and astrocyte contact guidance. Critically, the LIPSS features 
described herein could potentially provide intrinsic cues for neural adhesion, improving physical 
coupling between neurons and an electrodes electroactive sites in vivo, thus facilitating field 
potential recording with single cell resolution and enhanced signal to noise ratio.  
Pro-inflammatory cytokines and chemokines orchestrate the early immune response following 
electrode implantation into the CNS.72 No statistical difference in the synthesis of KC/GRO, IL-6 
or TNF-α were observed in cells cultured on planar control substrates or any of the investigated 
LIPSS features, indicating topographical functionalization did not increase the pro-inflammatory 
response relative to the planar control substrates, although how the presence of LIPSS may 
influence tissue reactivity in vivo has yet to be resolved.
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Further proteomic analysis revealed that anisotropic LIPSS nanotopographies, impacted on the 
synthesis of several mediators of gliosis and interestingly, on the expression of multiple ion 
channels. In particular Pt/Ir substrates formed with 2 femtosecond laser pulses induced 
upregulations in the expression of proteins associated with astrocyte reactivity,73-77 relative to 
planar Pt/Ir control substrates following 10 days of culture. In particular neural populations 
cultured on Pt/Ir substrates formed with 250 pulses exhibited down-regulations in the expression 
of intermediate filament proteins GFAP, Nestin and CD81 following ten days in vitro relative to 
planar controls, proteins that have been shown to become upregulated during gliosis.73-75
Similarly, Upregulations in cleaved spectrin (C. Spectrin) expression were observed in cells 
cultured on all experimental LIPSS substrates, however, by day 10 no significant differences were 
observed in C. Spectrin expression in cells cultured on LIPSS formed with 250 femtosecond laser 
pulses relative to control planar substrates. The elevated expression of C. Spectrin is also 
associated with a reactive astrocyte phenotype, acting though a regulatory effect on intracellular 
Ca2+ levels.25,76 This trend was also observed for Smad 3 expression which too has been shown to 
become upregulated during gliosis.77
Finally, neural populations cultured on Pt/Ir substrates formed with 250 pulses exhibited 
significant down-regulations in the expression of the neuron‐specific cation channel Vanilloid 
Receptor 1 (VR1), an important transducer of noxious stimuli,78 L type Ca2+, and the 
mechanosensitive TRP-like ion-channel ANKTM1 by day 10 relative to neural populations 
cultured on 2 pulses. 
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For the first time LIPSS have been fabricated on a conical Pt/Ir microwire electrode.  LIPSS 
functionalization significantly reduced the electrochemical impedance, increased the electroactive 
surface (by a factor of ~21) and increased the charge injection capacity of Pt/Ir microwire 
neuroelectrodes compared to non-functionalized control microwire neuroelectrodes. 
LIPSS functionalization also elicited contact guidance mediated cellular alignment in a mixed 
neural population and modulated astrocyte reactivity in vitro. In particular, neurons and astrocyte 
cells cultured on LIPSS formed with 250 femtosecond laser pulses, demonstrated down-
regulations in the expression of multiple proteins associated with reactive astrogliosis and of ion 
channel proteins L type Ca2+, VR1, ANKTM1, relative to cells cultured on 2 pulses and  planar 
control Pt/Ir substrates. It can be hypothesized that LIPSS functionalization can be employed for 
the generation of microelectrode arrays possessing superior signal to noise characteristics for 
neural recording, whilst promoting an aligned network at the peri-implant interface.
A limitation of this study however arises from the shortcomings associated with in vitro 
experimentation. In particular, the response of blood brain barrier components, including 
endothelial and lymphoid cells to LIPSS functionalized electrodes was not assessed, important 
mediators of chronic electrode functionality in vivo.
Supporting Information 
The Supporting Information is available free of charge on the ACS publications website. 
Atomic force microscopy methods: surface plots and roughness of topographical features 
Interferometry analysis: stacked area chart of particle distribution of ridges
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In vitro analysis: orientation of cells day 3 and neurite length  
Protein microarray analysis: protein expression on topographies normalized to control (expressed 
as a ratio) 
Surface chemistry analysis: contact angle measurements and XPS analysis 
Electrochemical phase results of the microprobes and calculation of fluence values
SEM images of patterned LIPSS on microprobes at different orientation and insulating layer
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Title: Laser Induced Periodic Surface Structures Enhance Neuroelectrode Charge Transfer 
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Commercially available platinum iridium (Pt/Ir) microelectrodes and planar Pt/Ir substrates were 
nanotopographically (NT) functionalized via femto/picosecond laser processing to generate laser 
induced periodic surface structures (LIPSS) and investigated in vitro.
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